The ability to assess the pulmonary vasculature in pulmonary vascular disease by hemodynamic or histologic evaluation is limited. We sought to determine the feasibility of intravascular ultrasound techniques in infants and children and to assess simultaneously the morphology and dynamics of pulmonary arteries. Patients were seen in the Department of Pediatrics, Division of Pediatric Cardiology, Sophia Children's Hospital, Rotterdam, The Netherlands. We performed intravascular ultrasound imaging in 11 pediatric patients with congenital heart disease undergoing cardiac catheterization. Luminal diameter, area, and pulsatility were determined at two to five sites in the pulmonary branches. Pulmonary vascular reaction to 100% oxygen inhalation was studied. Patients weighed 4. 1-51.0 kg (21.8 + 16.3 kg, mean + SD). Luminal diameters, areas, and pulsatilities could be determined reproducibly in arteries with diameters from 1.6 to 9.3 mm. In total 39 sites were studied in 11 patients. Pulsatility was related to vessel size (r = 0.81), although a substantial interindividual variation was present. After 100% oxygen inhalation, pulsatility increased in all arteries (from 20.0 2 3.3% to 25.9 + 2.9%,p < 0.05), and vasodilatation could be directly visualized, most prominently in the smallest arteries (percentage change in diameter, mean 7.4 + 2.8% versus -2.8 2 3.1% in the largest arteries, p < 0.001). Measurement of wall thickness was not feasible, but specific changes in the appearance of the wall structure could be recognized in a patient with severely elevated pulmonary vascular resistance. The specific advantages of intravascular ultrasound in assessing pulmonary vascular disease are discussed. We conclude that intravascular ultrasound imaging of the pulmonary vasculature is feasible in infants and children and provides a unique opportunity to assess directly pulmonary dynamics in vivo. Therefore, it may be a valuable tool in evaluating the pulmonary vasculature and its responses to normal and pathologic conditions. (Pediatr Res 38: 3641,1995) Abbreviations PVD, pulmonary vascular disease IVUS, intravascular ultrasound
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The state of the pulmonary vasculature plays a crucial role in the management and prognosis of children with congenital heart disease (1, 2) . To assess the pulmonary vasculature, mainly two diagnostic tools are currently in use: hemodynamic evaluation by cardiac catheterization and examination of lung histology. Although both techniques provide valuable information, both also have important limitations. One must realize that, on the one hand, hemodynamic data, such as pulmonary artery pressure, blood flow, and resistance, reflect merely indirect consequences of the vascular process; moreover, they are based on various assumptions and, thus, inevitably are accompanied by potential errors (2) . On the other hand, histologic examination of lung biopsy tissue provides a qualitative and quantitative description of morphologic changes in the vascular wall, but remains a static, in vitro examination without functional validation (3, 4) . Furthermore, it requires a thoracotomy. These limitations are illustrated by reports of the correlation of the two techniques, showing important discrepancies in individual patients with PVD (5) (6) (7) (8) .
It has been shown that by means of IVUS imaging vascular luminal diameter, area, and pulsatility can be determined accurately, as well as qualitative and quantitative aspects of the vascular wall (9) (10) (11) (12) . We hypothesized that with this technique it is possible to assess directly and simultaneously vessel wall appearance and "real time" vessel wall dynamics in vivo in peripheral pulmonary arteries of children with congenital heart disease. This would give direct, unique information on the appearance and functional state of the pulmonary vascular bed, which is directly available during cardiac catheterization and might obviate the need for a thoracotomy. We therefore performed a study to determine the feasibility of IVUS techniques in infants and children and to assess the appearance and the dynamics of the pulmonary vasculature in vivo.
METHODS
Eleven patients, requiring diagnostical or therapeutical cardiac catheterization because of congenital heart disease in the Sophia Children's Hospital, Rotterdam, the Netherlands, underwent simultaneous IVUS imaging of the pulmonary arteries. IVUS was performed using disposable ultrasound catheters, 4.2F CVIS (Cardiovascular Imaging Systems Inc., Sunnyvale, CA) or 3.5 F Sonicath (Boston Scientific Corp., Watertown, MA), both having a 30-MHz transducer at its tip. These were connected to the CVIS Insight system or the HP Sonos Intravascular Imaging System (Hewlett Packard, Andover, MA), respectively. All patients underwent complete right heart catheterization, under general anesthesia, including determination of pulmonary artery pressure, capillary wedge pressure, pulmonary blood flow calculated by the Fick principle, and pulmonary vascular resistance. A 6 F, 70-cm long sheath (Cordis, Miami, FL) was advanced from the femoral vein into the proximal pulmonary artery. Through this sheath the ultrasound catheter was directed along the pulmonary branch, toward a wedged position. At consecutive sites, from the proximal artery, via the segment arteries to the peripheral arteries, identified and defined by fluoroscopy (13) , ultrasound images were recorded, simultaneously with the ECG, and analyzed off-line. Pulmonary artery diameter and area were measured at end-diastolic (minimal) and peak-systolic (maximal) dimensions. Vascular pulsatility was defined as the difference between planimetered peak-systolic and end-diastolic areas divided by end-diastolic area X 100%. The average value of three cardiac cycles was used for analysis. In six of 11 patients all measurements were repeated at identical sites after inhalation of 100% oxygen as a pulmonary vasodilator. Written informed consent was obtained from the parents of all children. The study protocol was approved by the Medical Ethical Committee of the University Hospital Rotterdam.
Statistical analysis. Data are expressed as mean values and standard deviations. Correlations were calculated using linear regression and correlation coefficient. t test and Wilcoxon rank sum test were used to evaluate the effect of oxygen inhalation. A p value < 0.05 was considered significant. 
RESULTS
IVUS imaging of the pulmonary arteries was performed in 11 children. Patients characteristics are shown in Table 1 . Pulmonary vascular resistance was normal in eight patients, slightly to moderately elevated in two, and severely elevated in one patient. In all patients the positioning of the long sheath in the proximal pulmonary artery and guiding of the ultrasound catheter through this sheath along the pulmonary branch could be achieved easily. Once the catheter was placed in a stable, nonbranching position, the obtained images were of good quality in all patients (Fig. 1 ). There was a clear delineation between blood and the inner vessel wall, allowing reproducible measurements of systolic and diastolic vessel dimensions in all recordings. Measurements sites are shown in Figure 2 . Enddiastolic diameter of the vessels reached varied from 1.6 to 9.3 mm. Larger arteries could not be visualized adequately because of limited penetration power of the 30-MHz transducer. The pulsatility of the pulmonary artery varied at different sites in the arterial branch and showed a relation with the size of the vessel, expressed as end-diastolic area. In all patients but one (patient 11) the pulsatility increased in the more proximal vessels. The relation for the total patient group (r = 0.81; p < 0.05) is shown in Fig. 3A . Between the individual patients there was a substantial variation in pulsatility per vessel diameter and in the extent of pulsatility increase (Fig. 3B) . In six patients the reaction on 100% oxygen inhalation was studied. Pulsatility increased in all vessels. The larger vessels tended to show the largest increase in pulsatility (Fig. 4) . Only patient 11 showed a different reaction pattern. The mean pulsatility in this patient was smaller than the mean pulsatility in the other patients (9.5 + 0.7%, n = 2 versus 21.5 ? 13.6%, n = 14).
Furthermore, the increase in pulsatility after oxygen inhalation tended to be diminished (13.5 .f 0.7% versus 27.6 + 13.5%).
End-diastolic diameters increased after oxygen inhalation. This reaction was most prominent in the smallest vessels (percentage change in diameter, 4-11%; mean, 7.4 2 2.8%; p = 0.001) and was less prominent in the medium sized vessels (2-6%; mean, 4.2 + 1.8%; p = 0.002). There was a slight decrease in diameter in the largest vessels (-6 to -2%; mean, -2. 3.1%; p = 0.047) (Fig. 5) . Again, this reaction pattern was similar in all patients except patient 11. In this patient the end-diastolic diameter of the largest vessels increased 2%.
The adventitial border could not be delineated adequately (Fig. 1) . Consequently, wall thickness could not be measured. However, there was a specific appearance of the wall aspect in patient 11, in whom a gray layer could be distinguished at the inner border of the vessel wall. Such a layer was not seen in the other patients. There were no procedure-related complications in any of the patients.
DISCUSSION
Our data show that IVUS imaging of the pulmonary arteries in infants and children is feasible. There was a clear delineation between blood and the inner vessel wall, allowing reproducible measurements of systolic and diastolic vessel dimensions. Accuracy of vascular luminal diameter and area measurements with IVUS has been demonstrated (9-12). Measurements of luminal diameters and areas during the cardiac cycle provide end-diastolic area (mrn2) Figure 3 . Pulsatility in relation to vessel size in 11 patients. A, Measurements of the total patient group, expressed as mean ? SD. n = number of measurements. B, Measurements of the individual patients. n, patient number as shown in Table 1 .
the possibility of studying pulmonary vascular dynamics in vivo in a unique, direct way. The pulsatility of the pulmonary artery is one expression of this dynamics. We found a significant relationship between vessel size and pulsatility. Although the pattern of increasing pulsatility toward the proximal arteries was present in all patients, the variation between the individual patients was considerable. One might speculate that the diminished pulsatility in the smaller vessels is caused by a progressive obstruction by the ultrasound catheter in these vessels, thus affecting their responses. However, the interindividual variation, specifically in vessels at similar sites, with similar area in patients with similar weights, makes this hypothesis unlikely. This far more suggests that, as expected, there are more factors than size that affect pulsatility. Pulsatility will be determined by two major components: I ) mechanical forces working on the vessel wall and 2) intrinsic viscomechanical properties of the vessel wall.
Mechanical forces. I n vivo, various mechanical forces have their effects on the vascular wall. Radially directed forces, such as pulmonary artery or pulse pressure and the contradirected intrapulmonary pressure, will affect wall dynamics. Also pres- Figure 4 . Effect of 100% oxygen inhalation on pulsatility in six patients. FiO,, percentage of inspired oxygen. Vessel end-diastolic diameter: 1-3 mm, n = 7 (0); 3-6 mm, n = 6 (A); 6-9 mm, n = 3 (0); total group, n = 16 (. ). n = number of measurements. Pulsatility is expressed as mean ? SEM for the total group. The increase in mean pulsatility at 100% inspired oxygen concentration was statistically significant (p < 0.05, Wilcoxon signed rank sum test for total group).
end-diastolic diameter (mm) Figure 5 . Effect of 100% oxygen inhalation on end-diastolic vessel diameter. Percentage change in diameter expressed as means t SD. Vessels of various diameters showed a statistically significant different effect of 100% oxygen inhalation ( t test; * p < 0.05; **p = 0.001).
sure wave reflections, originating from the pulmonary microcirculation and branching of larger vessels, will contribute to the pulsatility, varying with propagation down the pulmonary branches (14) . Next, tangential forces, in both longitudinal and circumferential directions, such as shear stress, will affect the mechanics of the vascular wall (15, 16) . In pulmonary vascular disease these mechanical forces and their effect on wall dynamics will alter. For instance, in the normal pulmonary circulation wave reflections are of small amplitude because of excellent matching of impedances in the distal pulmonary vessels. However, in pulmonary vascular disease these reflection waves will increase in amplitude as well as in velocity with which they return, resulting in an increasing effect on vessel wall dynamics (14, 17) . It has been demonstrated that mechanical forces have their effects on the metabolic activity in the vascular wall, resulting, on the short term, in adaptation of vascular tone and, on the longer term, changes in the elastic properties of the wall itself (18) (19) (20) .
Properties of the vessel wall. Referring to the vessel wall itself, this exhibits an anisotropic, nonlinear, viscoelastic mechanical behavior, which varies along the pulmonary branch (15, 16) . This implicates a very complex mechanical behavior, for which complete description, in fact, over 20 parameters would be needed (15) . The dynamic properties of the peripheral, so-called resistance vessels will have a major impact on the pulmonary vascular resistance (17) . In the more proximal vessels, often unjustly considered to be conduit arteries with only a passive role in the circulation, these dynamic properties are major determinants not only for the pulsatile load of the right ventricle but also for the shear stress in the arterioles (14.
\ , 16, 17, 21) . Pulmonary vascular disease affects the dynamical properties of the whole pulmonary vascular tree and therefore will influence the mechanical behavior of peripheral as well as proximal vessels (19, 21) . The pulsatility of a vessel is the net result of all described variables and their interactions. Therefore, it might be clear that the interpretation of vessel pulsatility or the prediction of mechanical behavior of blood vessels in general is hazardous. In this study IVUS provided the possibility to assess accurately, in the individual patient, pulmonary artery pulsatility. Thus, it provides unique, direct information on the functional state of the pulmonary arteries, down to a diameter of 1.6 mm. Moreover, the challenge of unraveling the specific contribution to pulsatility of each of the different variables in vivo, will increase the understanding of vascular biophysics.
An additional way of assessing the functional state of the vasculature was to study the effect of a pulmonary vasodilator on vascular dynamics. We found an increase in pulsatility most prominent in the larger vessels. Moreover, with IVUS it was possible to actually visualize vasodilation of the pulmonary vessels directly in vivo. All investigated children showed a vasodilatory reaction, which was the most prominent in the smallest arteries. The slight decrease in diameter after oxygen inhalation, found in the largest arteries, possibly reflects a decrease in diastolic afterload, caused by the dilatation in the smallest vessels. As far as we know, this is the first time vasodilatation has been directly visualized in the pulmonary vasculature in children in vivo. It provides the opportunity to evaluate the response of the pulmonary vessels to different medical interventions in a direct way, avoiding misinterpretations of concomitant events such as pulmonary vessel recruitment. This will have great implications for studies on pulmonary vascular responses in vivo, because currently all investigational methods are using indirect parameters to estimate dilatatory vascular effects or less reliable methods such as angiographic diameter determination (2, 20) .
In our experience, the adventitial border could not be delineated well, probably because the pulmonary vessels are embedded in air, frustrating quantitative assessment of the vessel wall thickness. This confirms the limited experience reported in adult patients (22). However, qualitative aspects of the vascular wall could be studied. The inability to distinguish the three layer structure of the wall corresponds with the fact that we studied elastic arteries (12, 23) . However, a gray inner layer was identified at the inner border of the vessel wall of the one patient with irreversible PVD, which might reflect intima thickening. A congruency may exist with IVUS aspects of coronary intima proliferation in adult patients (24, 25) . However, histologic validation was not performed in this patient. Few earlier reports claim to distinguish qualitative changes in the vessel wall in pulmonary hypertension (22, 26, 27). We think larger series, including study of normal pulmonary arteries, are needed to evaluate the value of this qualitative vessel wall assessment.
The smallest vessels we reached with the ultrasound catheter had a diameter of 1.6 mm. In PVD the most striking changes, from a morphologic point of view, occur in the muscular arteries and smaller arterioles, which are vessels with a diameter of less than 1 mm (23). Although new ultrasound catheters, with a diameter less than 1 mm, are about to become available, the vessels accessible for ultrasound imaging will not be the "resistance vessels." However, as stated before, PVD is a process of the whole pulmonary vasculature, which is not restricted to the small peripheral vessels, but also affects the larger pulmonary arteries (19, 21) . Every functional change in the pulmonary microcirculation will directly affect the dynamic behavior of the more proximal vessels. The large and medium sized pulmonary arteries are not just passive conduit vessels, but represent an important determinant of integrated pulmonary circulation (14, 17) . So, their mechanical behavior in PVD is of major interest. In contrast to both hemodynamic and histologic evaluation, IVUS imaging has the possibility to assess vessels of different sizes separately.
In this feasibility study the patient number was too small, with regard to the number of hemodynamic parameters, to perform adequate analysis of possible relationships between hemodynamic variables and ultrasound data. However, there was a tendency of less pulsatile arteries in the patients with elevated pulmonary vascular resistance. Furthermore, in all previously described relations and responses, patient 11, with severe, irreversible PVD, showed aberrant patterns. This suggests the ability of intravascular ultrasound to assess altered vascular dynamic behavior in pulmonary vascular disease.
At the moment we are performing a prospective study in children with congenital heart disease, including not only the various stages of PVD but also normal pulmonary vasculature, We conclude that IVUS imaging of the proximal and peripheral pulmonary arteries is feasible in children and infants using routine catheter techniques. This technique provides a unique opportunity to assess the state of the pulmonary vasculature and its dynamics in vivo directly. Therefore it may be a valuable tool in evaluating the pulmonary vasculature and its changes and responses in normal and pathologic conditions. The additional value with regard to conventional techniques, such as hemodynamic and histologic evaluation remains to be determined. A prospective, comparative study to answer this question is in progress at our department.
